The B vitamins are components of one-carbon metabolism (OCM) that contribute to DNA synthesis and methylation. Homocysteine, a by-product of OCM, has been associated with coronary heart disease, stroke and neurological disease. To investigate genetic factors that affect circulating vitamin B6, vitamin B12, folate and homocysteine, a genome-wide association analysis was conducted in the InCHIANTI (N ¼ 1175), SardiNIA (N ¼ 1115), and BLSA (N ¼ 640) studies. The top loci were replicated in an independent sample of 687 participants in the Progetto Nutrizione study. Polymorphisms in the ALPL gene (rs4654748, p ¼ 8.30 3 10 À18 ) were associated with vitamin B6 and FUT2 (rs6022662, p ¼ 2.83 3 10 À20 ) with vitamin B12 serum levels. The association of MTHFR, a gene consistently associated with homocysteine, was confirmed in this meta-analysis. The ALPL gene likely influences the catabolism of vitamin B6 while FUT2 interferes with absorption of vitamin B12. These findings highlight mechanisms that affect vitamin B6, vitamin B12 and homocysteine serum levels.
One-carbon metabolism (OCM) is a process whereby folate transfers one-carbon groups in a range of biological processes including DNA synthesis, methylation, and homocysteine metabolism. 1 [5] [6] [7] [8] and some cancers such as colorectal cancer (CRC [MIM 114500]). 9, 10 The exact mechanism that links B vitamins with human health is unknown, but is thought to involve the OCM metabolic pathways. 1, 11 One of the main hypotheses for the protective effect of B vitamins on CAD is that folate, vitamin B12, and vitamin B6 deficiencies increase the production and decrease the catabolism of homocysteine, which is an independent risk factor for CAD. [12] [13] [14] Homocysteine affects various proatherogenic processes including inflammation, thrombosis, endothelial dysfunction, and vascular smooth muscle cell proliferation. 15, 16 Folate insufficiency alters gene expression through changes in methylation pattern of DNA and histones. [17] [18] [19] The study of genetic variants that affect circulating levels of B vitamins is important for understanding the interplay of diet, genetics, and human health. Circulating levels of B vitamins and homocysteine are at least in part genetically determined. The most-studied polymorphism is the 677T)C (rs1801133) in exon 5 of the 5,10-methylenetetrahydrofolate reductase (MTHFR [MIM 607093]) gene. The 677T variant results in an thermolabile enzyme that is less effective in the conversion of 5,10-methylenetetrahydrofolate to 5-methyltetrahydrofolate. 20 Accordingly, individuals with the 677T variant have higher homocysteine concentrations as well as lower genomic DNA methylation. 21, 22 In addition to MTHFR, genetic variations in other genes have been linked to B vitamin and homocysteine concentrations, although results have been inconsistent. 1, 23 The goal of the present study was to conduct a genome-wide investigation to identify SNPs associated with differential concentrations of folate, vitamin B12, vitamin B6, and homocysteine in the InCHIANTI study from the Chianti region in Tuscany, Italy; 24, 25 SardiNIA study from Ogliastra province of Sardinia, Italy; 26 and
Baltimore Longitudinal Study of Aging (BLSA) based in the Baltimore-Washington DC area. 27 The results from the genome-wide association (GWA) were examined in the Progetto Nutrizione study based in Tuscany, Italy.
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With the exception of folic acid, the ranges of B vitamin concentrations were similar in the SardiNIA, InCHIANTI, BLSA, and Progetto Nutrizione studies (Table 1 ). Folic acid concentration was higher in the BLSA (which is U.S. based) compared to the Italian studies, reflecting fortification policies in the United States. For the same reason, homocysteine concentration was lowest in the BLSA even though the individuals in this study, on average, were the oldest in the four studies.
Genome-wide significant associations were observed for vitamin B6, B12, and homocysteine concentrations. Vitamin B6 was only measured in the InCHIANTI study, thus the GWA of 484,115 autosomal SNPs was assessed with a Bonferroni corrected p value threshold of 1 3 10
À7
( Figure 1A and Figure S1 in which the presence of the C allele was associated with 1.38 ng/mL lower vitamin B6 concentrations ( Table 2) . This association was replicated in the Progetto Nutrizione study (rs4654748; ALPL p ¼ 2.08 3 10 À11 ). A sample-sizeweighted meta-analysis across the two studies resulted in a p value of 8.3 3 10 À18 and 1.45 ng/mL lower vitamin B6 per copy of the C allele. Mutations in the ALPL gene cause hypophosphotasia (MIM 241510, 231500, and 146300), an inborn error of metabolism characterized by low or complete absence of alkaline phosphatase (ALP) activity. The clinical manifestation of hypophosphatasia is highly variable, ranging from a lethal perinatal form to a more moderate adult form presenting with bone abnormalities. 29, 30 One characteristic of hypophosphatasia is the accumulation of phospho compounds including vitamin B6. All of the hypophophatasia mutations identified, many of which are missense mutations, lie within the ALPL gene. 30 In a recent metaanalysis that included the InCHIANTI study, rs1780324 within the ALPL gene region was the top signal associated with ALP concentration. 31 This SNP was one of the topthree SNPs in the vitamin B6 analysis in the current study and is in LD with the most significant SNP, rs4654748 (r 2 ¼ 0.6). When the regression model was conditioned on rs4654748, rs1780324 was no longer significantly associated with vitamin B6 (p ¼ 0.358), indicating that these two SNPs represent the same locus. In addition, when ALP levels are included in the regression model, the associations of both rs4654748 (p ¼ 0.0331) and rs1780324 (p ¼ 0.019) with vitamin B6 were no longer significant. This indicates that the association of the two ALPL gene SNPs with vitamin B6 is mediated by ALP. Mechanistically, ALP is the major enzyme involved in the clearance of vitamin B6, 32 and therefore the lower vitamin B6 in C allele carriers most likely results from more efficient clearance of the vitamin. Vitamin B12, folate, and homocysteine concentrations were available for GWA in InCHIANTI, SardiNIA, and BLSA. To conduct a meta-analysis of the results from these three studies, which were genotyped with different platforms (Affymetrix and Illumina), we imputed~2.5 million SNPs with MACH using the HapMap CEPH sample as reference. 33 The SNPs that passed quality control (MAF > 1%, r 2 hat > 0.3) were used to conduct a GWA analysis in each study. For the meta-analysis, an arbitrary reference allele is selected and a z statistic summarizing the magnitude and direction of effect relative to the reference allele is weighted by the square root of the sample size of each study. A fixed-effects inverse-variance method was used for calculating the effect sizes. For the meta-analysis, a Bonferroni corrected p value threshold of 5 3 10 À8 was considered to be genome-wide significant. One locus reached genome-wide significance in the meta-analysis of vitamin B12 concentrations ( Figure 1B ; Figure S1 ; Table 2 ). The top SNP in this locus, rs6022662 (p meta ¼ 2.43 3 10 À12 ), mapped to exon 2 of the fucosyltransferase 2 (FUT2) gene ( Figure S2A ). The presence of the A allele was associated with 44.2 pg/mL higher vitamin B12 concentrations. This is the same SNP reported in a recent GWA analysis in 2717 women in the Cancer Genetic Markers of Susceptibility projects and the Nurses' Health Study. 34 Polymorphisms in FUT2 determine the human secretor (Se) blood group through the expression of a1,2-fucosyltransferase that mediates the fucosylation of oligosaccharides to form H type 1 and 2 antigens. 35, 36 These H antigens mediate the adhesion of various gastric Progetto nutrizione study come from a similar source population as the InCHIANTI study; thus it is difficult to identify any factor contributing to the observed heterogeneity and warrants further investigation.
In the meta-analyses of homocysteine concentrations, rs1801133 reached genome-wide significance (p meta ¼ 4.36 3 10 À13 ; Figure 1C ; Figure S1 ). This SNP is the C677T polymorphism in the MTHFR gene ( Figure S4 ). Although this polymorphism was highly associated with homocysteine concentrations in both InCHIANTI (b ¼ 4. ) between the studies. The most likely source of these differences is the higher folate status in the United States due to food fortification. This compensation of 677C/T effect by folate status has been described in other studies. 44, 45 The second and third SNPs in the homocysteine analyses were rs11041321 (Synaptotagmin IX (SYT9 [GeneID 143425]) p ¼ 2.4 3 10 À6 ; Figure S4 ) and rs2713280 (no nearby genes; p ¼ 5.41 3 10 À6 ), respectively. Synaptotagmins are calcium sensors that regulate exocytosis and have important roles in neurotransmission. 46, 47 Homocysteine has been implicated in the pathogenesis of neurological conditions such as dementia (MIM 600274). In light of the potential role of SYT9 in neurotransmission, rs11041321 was tested for replication but the association was not confirmed in Progetto nutrizione study.
No SNPs reached genome-wide significance in the metaanalysis of folate concentrations ( Figure S1 
À7 ) is located 100 kb from MTHFR ( Figure S5 ). Because this SNP is in partial LD rs1801133 (r2 ¼ 0.2 in the HapMAP CEU sample) and did not reach genome-wide significance, it was tested for replication. The second SNP was rs153734 in the 3 0 untranslated region of the prickle-like homolog 2 gene, (PRICKLE2 [MIM 608501], Figure S5 ). In mice, PRICKEL2 homolog is continuously expressed in postmitotic neurons in early embryogenesis and has been implicated in neuron formation during brain development. 48 For this observation, PRICKLE2 was a good candidate gene in the context of folate deficiency and NTD. This SNP was tested for replication in the Progetto nutrizione study, but the association was not confirmed.
Several studies have investigated the associations of genes other than MTHFR in the OCM pathway and circulating B vitamins and homocysteine concentrations. We examine the associations of polymorphisms located in ten (Table S1 ). For homocysteine, MTR (rs12060264, p ¼ 0.0005), MTRR (rs7703033, p ¼ 0.005), and CBS (rs6586282, p ¼ 0.0002) showed the greatest evidence of association (Table S1 ).
In summary, we report two variants associated with vitamin B6 and vitamin B12 concentrations. In addition to MTHFR, several genes in the OCM pathway were associated with circulating folate and homocysteine. These SNPs may be important markers to identify people at risk for lifelong low vitamin and high homocysteine levels. In particular, this may be relevant to persons at risk for vitamin deficiencies such as the elderly in nursing homes. Future studies may investigate the potentially additive nature of multiple polymorphisms of genes in the OCM pathway on homocysteine concentrations and test the hypothesis that polymorphisms in these genes are risk factors for subclinical B vitamin deficiency and its consequences.
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